Abstract. Nocturnal land breezes and daytime lake breezes are studied using data collected by the Canadian Twin Otter aircraft and a deck boat which traversed Candle Lake during the Boreal Ecosystem-Atmosphere Study (BOREAS). The nocturnal vertical transport of COg, water vapor, and ozone over the lake consists of two parts: (1) mesoscale rising motion associated with land breeze convergence and (2) significant turbulence and vertical mixing driven by buoyancy in the lower part of the internal boundary layer and shear generation in the top part of the internal boundary layer. For comparison, the role of the lake in the daytime is examined in terms of formation of a stable internal boundary layer due to advection of warm air from land with small CO2 concentration over the cooler lake surface. Analysis of the aircraft and boat data indicates that the nocturnal land breeze plays an important role in the regional COg budget in the lake region. In the present study, COg is advected horizontally by a nocturnal land breeze circulation and vented vertically over Candle Lake ("chimney effect"). Such near-surface horizontal transport implies that part of the respirated COg never reaches the tower observational level, particularly under light wind conditions. This study speculates that preferred locations of vertical venting of COg may also occur due to convergence of nocturnal drainage circulations or flow meandering, although probably weaker than that associated with the land breeze. These circulations partly explain recent findings that tower-measured nocturnal turbulent fluxes of COg above the canopy and the subcanopy storage of CO2 frequently sum to less than the total respiration of CO2, leading to "missing CO2." Unfortunately, the present study does not allow evaluation of all of the terms in the carbon dioxide budget. 
Introduction
Vertical transport of trace gases in the present study consists of two parts, turbulent flux and local mesoscale vertical transport. Analysis of nocturnal budgets of heat, moisture, and is hindered by the difficulty of measuring weak intermittent nocturnal turbulent fluxes, particularly in the subcanopy [e.g., Baldocchi et al., 1996] , and difficulties measuring transport by local circulations associated with slopes and differential cooling [Hollinger et al., 1994] . Furthermore, Lee et al. [1996] found that nocturnal wave-like motion above the canopy can enhance transport of CO2 and other quantities upward or downward. Lee [1998] found that vertical advection of CO2, possibly driven by cold air drainage flows, could be a major term in the C02 budget near the surface.
With clear nocturnal skies, radiative cooling of the land surface [Shuttleworth et al., 1994] and nearly time-independent temperature of the water surface lead to differential surface heating and generation of the land breeze [Yoshino, 1975] . When the large-scale wind is weak, the land breeze effectively
•National Center for Atmospheric Research, Boulder, Colorado. 2Also with PAOS, University of Colorado, Boulder. 3Eastern Cereal and Oilseed Research Centre, Agriculture and over lakes. We also focus on transport of CO2 by a land breeze and its influence on the local budget of CO2, which is summarized in Figure 1 . In addition, we compare the lake influence on atmospheric transport of CO2, water vapor, and ozone between daytime and nighttime conditions.
To study the structure and dynamics of the land breeze over lakes and its influence on local budgets of heat, moisture, carbon dioxide, and ozone, low-level aircraft and boat observations were taken over Candle Lake in Saskatchewan (section 2). This paper analyzes observations of vertical structure of the land breeze over Candle Lake. The interaction of the land breeze with the nocturnal jet leads to unexpected evolution and vertical structure (section 3), while the daytime lake breeze is analyzed in section 4. The regional carbon dioxide budget is discussed in section 5. The summary is in section 6.
Data
The data used in this study were collected over Candle Lake during BOREAS 1996. Candle Lake is located in Saskatchewan, Canada, about 90 km NNE of Prince Albert. The lake is about 10 km wide in the NE-SW direction and about 20 km long in the NW-SE direction. The aircraft data were collected by the Twin Otter research aircraft from the Canadian National Research Council. The Twin Otter measured CO2, water vapor, and ozone concentrations as well as three wind components and air temperature at a rate of 32 samples per second. Both the CO2 and the water vapor were measured with a fast response (10 Hz) LICOR instrument LI-6262. The standard pressure and temperature corrections recommended in the LICOR manual were considered satisfactory for both horizontal flux runs at a constant pressure altitude and profiles over the land and the lake. An automated calibration system used onboard the Twin Otter confirms that the drift of the CO2 analyzer was negligible. Ozone profiles were measured with a Scintrex instrument with a frequency response of about 1 Hz.
Two Candle Lake flights are analyzed, one on July 14, 1996, centered at 1100 local standard time (LST) and the other on July 20, 1996, centered on 0600 LST (Figure 2 ). The flight track was the same for both flights and was oriented NE to SW, approximately perpendicular to the lake shore (Figure 5b ). There were two sounding flights for the midday case, one over the land surrounding Candle Lake and one over Candle Lake. In addition, the midday flight over the lake started at 27 m and 33 m levels. The flight level was incrementally increased about 17 m for each run to 50, 67, 83, and 100 m (Figure 2a) . For the early morning flight on July 20, 1996, an M pattern was designed to investigate the vertical structure over the lake and over the land at both sides of the lake (Figure 2b ). The Twin Otter crossed the lake at approximately four levels, 17, 67, 167, and 330 m with six repeated passes at 17 m and three passes at the other three levels. One of the three passes around the 333 m level was vertically displaced by 20 m and is not considered in the composite plot at the level of 333 m.
Although the early morning flight on July 20, 1996, was carried out around 0600 LST, when there was sufficient light for the safety of the aircraft mission, the observed boundary layer structure still represented the classical nocturnal boundary layer over forests, as shown in section 3. About 2 hours after the flight mission the land surrounding Candle Lake warms due to solar heating, and the well-defined land breeze disappears. At this time, the boundary layer changes from the stable boundary layer to a shallow convective boundary layer over the land as indicated from nearby radiosonde measure- ments. Since the morning flight occurs before this transition and during the time of minimum surface temperature, we refer the early morning flight as the nocturnal case. In addition to the Twin Otter flight on July 20, 1996, a LICOR LI-6262 CO:/H20 analyzer was carried on a deck boat with repeated passes across the lake. The LICOR instrument, LI-6262, which was calibrated throughout the traverses, measures CO2/H:O concentrations by drawing air through a tube into an infrared gas analyzer where it is subjected to radiation from dull-red filaments. The degree of absorption of radiation by the air is related to the amount of CO• in the air. To measure the absolute CO• concentration, the level of the depletion from the air sample is compared against that in a reference gas tank with known CO: concentration.
In addition to carbon dioxide concentration, water vapor, air temperature, and air pressure were also recorded at 1 Hz on the boat. Therefore the CO• and water vapor mixing ratio can be derived. The lake surface water temperature was measured intermittently. A portable GPS system with horizontal distance accuracy of 15 m was used to monitor the location of the boat. Three boat missions were completed. One boat mission was conducted from 2245 LST July 19, 1996, to 0100 LST on July 20. The boat measurement was resumed in the early morning of July 20 from 0430 to 0740 LST, then continued from 0830 to 0950 LST.
During BOREAS 96, radiosondes were launched regularly at the BOREAS operations center of the southern study area, which is about 2 km southwest of Candle Lake. The two soundings used in this study were collected at 1700 LST July 19 and 0500 LST July 20. The radiosonde measures air temperature, humidity, and pressure.
The flight plan emphasized repeated passes in order to increase flux sampling and reduce random-flux error. The computed random-flux errors for the various fluxes for different land and lake segments were estimated from the approach by Sun and Mahrt [1994] and sometimes found to be comparable to the flux magnitude. However, the random-flux error estimate, itself, is uncertain since the land breeze is quite nonstationary. Estimates of random-flux errors assume stationarity. Furthermore, the computation of the means and perturbations for each pass is somewhat uncertain due to spatial variability of the flow downstream from the lakeshore. We conclude that the fluxes, and particularly flux divergences, are characterized by a certain degree of ambiguity and must be interpreted with caution.
3.
Nocturnal The potential temperature over the land west of the lake shows two well-mixed layers imbedded in the nocturnal stable boundary layer, one in the lowest 75 m and another one at 125 m ("west land," Plate la). The two shallow mixed layers are characterized by nearly height-independent potential temperature, mixing ratio of ozone and carbon dioxide, and specific humidity. These elevated mixed layers occur with the strongest wind shear found in the observational domain.
Kelvin-Helmholtz instability (KHI) has been observed in strongly sheared and statically stable flows [Browning and Watkins, 1970; Browning, 1971 ]. Turbulent layers due to the shear-generated KHI are thinner in more strongly stratified flow [Muschinski, 1997] . The two thin mixed layers west of the lake, therefore, could be caused by KHI.
The overlying residual layer above the nocturnal surface inversion is well defined in terms of height-independent carbon dioxide and ozone but not so well defined in terms of moisture and potential temperature, where the latter is apparently influenced by clear air radiative cooling. Future studies of the nocturnal boundary layer would benefit from measurements of carbon dioxide, which serves as a more defined passive tracer compared to potential temperature.
The potential temperature over the lake is independent of height (Plate 1) up to 220 m ("west lake" and "east lake," Plate la). This well-mixed layer is distinctly different from the typical stable nocturnal boundary layer over the land east of the lake. The mixed layer over the lake was well sampled at the four flight levels. Flight levels at 17 and 67 m were in the lower part of the mixed layer, flight level at 167 m was in the upper part, and the highest flight level at 330 m was immediately above the mixed layer.
Because of the complicated vertical structure over the land west of the lake, the sounding flight over the land east of the lake is chosen to represent the land sounding for the lake and land comparison in the fuiluwing sections.
3.2.
Horizontal Pressure Gradient
The evening of July 19 was clear with weak winds, which facilitates strengthening of the land-lake temperature contrast. Here P, 9, g are the pressure, density, and the gravity constant, respectively; zX represents the horizontal difference between the lake and the land; and subscript m represents quantities averaged over the depth of the well-mixed layer over the lake, H. Using the ideal gas law,
where T and R are the air temperature and the gas constant, respectively; horizontal variations of (2) 
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where the subscript zero indicates a reference state. The assumption that the absolute value of each term in (3) is larger than AP/P o is used in the derivation of (3) and is verified with the observational data later in this subsection. Equation ( With long flight legs it is possible to estimate the mesoscale vertical motion by first removing the mean vertical motion, which contains an unknown arbitrary constant in the vertical motion measurement. In the present data the flight legs were too short for this procedure because of the need for many (a) .
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• 4OO. conclude that the land breeze is the dominant part of the mesoscale circulation. However, we cannot rule out cold air drainage as a significant contributor on the east side of the lake.
Water Vapor, Ozone, and Carbon Dioxide
Over the land at night, the specific humidity and CO2 mixing ratio decrease rapidly with height ("east land," Plates lb and lc). The air close to the ground surface is moist with high CO2 mixing ratio due to soil evaporation and ecosystem respiration. The mixing ratios of water vapor, ozone, and CO2 are almost constant with height within the well-mixed layer over the lake and change rapidly with height above the convective layer toward the ambient values ("west lake" and "east lake," Plates lb, lc, ld). The relatively smaller mixing ratio of CO2 and high 0 3 close to the center of the lake surface compared to the land surface are partly due to the negligible respiration rate of CO2 from the water surface compared with the land surface [Smith et al., 1991; Maclntyre et al., 1995] and small ozone deposition over water and partly due to strong upward transport of high CO2 and downward transport of high O3 (Figure 4b ).
Upward fluxes of CO2 and water vapor and downward fluxes of 03 are found at all the flight levels within the mixed layer over the lake (Figures 4a and 4b) . The strongest upward transport of CO2 and water vapor and downward transport of 03 are found at the 167 m flight level where strong turbulence is generated by mean shear. The fluxes at 330 m are very small associated with very weak turbulence in the stratified flow above the convective layer. The vertically integrated CO2 concentration appears to be greater in the air over the lake compared to the air over the land in spite of the fact that the land surface is the CO2 source. The greater CO2 over the lake is due to the upward transport of high CO2 air originally advected by the land breeze. The lake in this case acts as a chimney to transport CO2-rich air to higher levels.
Because of large evaporation over the lake surface, the water vapor concentration is higher over the lake than over the land below the top of the convective layer over the lake, which is about 220 m. Because of advection by the easterly wind, the air over the eastern part of the lake is strongly influenced by the drier, high CO2 and low 03 air over the land east of the lake especially in the upper part of the mixed layer where the easterly low-level jet is strong (Plates l e and If).
Comparison between the 1700 LST sounding on July 19 and the 0500 LST sounding on July 20 at 2 km SW of Candle Lake indicates that the air between 500 m and 2 km is stabilized and becomes drier during the night. These changes could reflect the downward sinking motion around the lake required to compensate for the upward motion over the lake.
Turbulent Kinetic Energy
Within the convective layer over the lake, the turbulent momentum transport is small at the lower levels and large at the upper levels in marked contrast to the usual convectively driven internal boundary layer. The maximum turbulent momentum transport is at the 167 m level, which coincides with 
Midday Case
The daytime lake breeze over Candle Lake has been studied by Sun et al. [1997] based on the data collected during BOREAS 94. Additional flight levels and vertical sounding flights were made over Candle Lake and over the surrounding land surface during BOREAS 96. The detailed difference of the vertical structure between over the land and over the lake is studied in this section.
Horizontal Pressure Difference
During daytime the surrounding land is warmer than the lake due to the absorption of solar heat at the land surface. On the basis of the constant level flights across Candle Lake, the air temperature was colder over the lake than over the land at all of the flight levels (not shown here), which is similar to the observations in BOREAS 94 [Sun et al., 1997] . The air temperature difference between the lake and the land regions decreases with height, from ---2øC at the 25 m level to 0.5øC at the 100 m level. Assuming that the air temperature difference decreases linearly with height, the temperature difference will vanish at the 125 m level. Assuming this linear dependence, the horizontal temperature difference vertically averaged over the lowest 125 m is about 1.25øC. Applying (4), the approximate horizontal pressure difference AP is about -6 Pa, or -0.06 mbar. This means that because of the cool lake the pressure is about 0.06 mbar higher over the lake than over the land. This pressure difference would drive a lake breeze with a speed of about 2.2 m s -1 and would cause divergent flow over the lake surface, which roughly agrees with the observations, shown in Figure 6 , where the mean wind is removed at each level.
Vertical Structure
A convective boundary layer with well-mixed potential temperature develops over the land and is capped by a strong temperature inversion at 900 m (Figure 7a ) with a moderate wind speed of 4-5 m s -•. The specific humidity over the land decreases slightly with height up to the inversion, then decreases sharply across the inversion (Figure 7b) . The mean mixing ratio of ozone and CO2 decreases toward the surface (Figures 7c and 7d) due to canopy photosynthesis and ozone deposition at the ground surface, while the specific humidity increases toward the surface due to evapotranspiration. Between 400 m and 900 m the temperature and humidity variations are large and negatively correlated. The pockets of warm and dry air, or cold and moist air, are consistent with significant entrainment associated with the boundary layer growth.
The very stable air over the cold lake surface is characterized by high CO2 concentration and moisture content, which extends up to about 200 m. Above this stable layer up to 400 m the air is more strongly influenced by the convective turbulent boundary layer over the land through advection. Above this elevated mixed layer and below the inversion at 900 m, the weakly turbulent residual layer is characterized by a slow increase of potential temperature with height and approximately 
Carbon Dioxide Budget
The following scale analysis provides a rough estimate of the importance of venting of CO2 over the lake in terms of a regional carbon dioxide budget and provides a framework for organizing future observations. A similar scale analysis can be applied to other trace gases, such as water vapor and ozone.
The In derivation of (7) beyond the scope of this paper due to lack of measurements of partial pressure of carbon dioxide in the lake water. However, the respiration from the lake is thought to be small since Candle Lake is relatively clean with little algae or plant activity. The horizontal transport of CO2 at the center of the lake has been neglected by assuming symmetry. The CO2 mixing ratio is assumed to be almost independent of height in the early evening at about 1800 LST [Jarvis et al., 1997] due to the daytime horizontal advection of convectively mixed air from over the land. For our calculation of the storage term the CO2 mixing ratio at the top of the nocturnal boundary layer measured at around 0600 LST is assumed to be this constant value, equal to 371 ppm (Plate 1). Therefore the change of the CO2 mixing ratio within the convective boundary layer in the 12 hour period between 1800 LST and 0600 LST, is the difference between 371 ppm and 385 ppm, where the latter is the CO2 mixing ratio within the convective boundary at 0600 LST. Choosing z in the above equations to be 17 m, which is the flight level closest to tower measurement levels, assigning L = 5 km, using the CO2 turbulent flux measurement at 17 m to be 3/•mol m -2 s -1 (Figure 4 ) and the average air density in the mixed layer over the lake, 1.14 kg m -3, the advection term It is clear that the advection term is mainly balanced by the upward turbulent transport of CO2 flux above the lake. This result strongly suggests that the lake acts as a CO2 chimney (Figure 1) . That is, the CO2 storage near the lake surface is small so that most of the horizontally advected CO2 from the land respiration is transported upward over the lake by vertical mixing and mesoscale circulations. The total upward transport of CO2 actually consists of two parts, one part is associated with the buoyancy-driven turbulent motion in the lower part of the boundary layer and sheargenerated turbulence in the upper part of the boundary layer, the other part is associated with the mean upward vertical motion due to the land breeze convergence (mesoscale flux). The latter cannot be adequately measured, as discussed above. However, the vertical transport of CO2 due to the upward mean vertical motion associated with the land breeze convergence should strengthen the chimney effect over the lake.
On the basis of the above analysis the respiration of the ecosystem over the land surface, which is the sum of the CO2 source term and the CO2 turbulent flux from the land surface, can be estimated from ( tally over the lake. As a result of horizontal convergence of CO2 over the lake and subsequent vertical transport by the turbulence and land breeze circulation, the vertically integrated CO2 over the lake is larger than that over the land, in spite of the fact that the respiration from the lake is thought to be negligible. The observations also indicate that the lake plays quite different roles between the daytime and the nighttime. In the daytime, flow of warm air over the relatively cool lake produces strong stratification which suppresses turbulent mixing. Therefore the effect of the lake reduces the area-averaged vertical fluxes [Sun et al., 1997] . On the other hand, the lake breeze may induce mesoscale convective systems over the surrounding land with weak wind conditions, which is clearly demonstrated by Vidale et al. [1997] based on BOREAS 94 data.
The potential importance of the land breeze on the regional CO2 budget is examined in section 5. The horizontal transport of CO2 from the land is approximately balanced by upward transport of CO2 over the lake. This result suggests that the horizontal transport of CO2 cannot be neglected in the CO2 budget over the land adjacent to lakes and can be estimated from the upward turbulent transport of CO2 over the lake. Nocturnal vertical venting of CO2 could also occur in regions of convergence of drainage flows or random nocturnal meandering flow. Over forests, colder surface locations, such as clearings, could produce divergent flow which transports the respirated CO2 horizontally. The CO2 would then be vented vertically over warmer surfaces such as moist locations. Such circulations would be weaker and less organized compared to the land breeze circulation of the present study, although cold air drainage flow could have augmented the land breeze circulation at the east side of Candle Lake. In general, surface heterogeneity provides not only the thermal contrast to generate horizontal motions but also generates nonuniform horizontal distributions of mass and energy.
Although this study provides unprecedented flux sampling of spatial variations of turbulent transport of carbon dioxide in a land breeze circulations system, the mesoscale transport of carbon dioxide associated with the land breeze cannot be quantitatively determined due to sampling difficulties of mesoscale scale motion from aircraft. The rising motion over the lake, inferred from the land breeze convergence, would augment the vertical turbulent transport of CO2.
The above conclusions on the flow structure over Candle Lake are based on one case study. Further observations are needed to include a variety of conditions.
